Toxic substances released as a result of leaching from painted surfaces to the aquatic environment affect both fouling organisms and "non-target" biota. Artemia fransiscana nauplii have been considered a useful test system for the examination of toxicity for antifouling paints. In this study, we examined the effect of four "tin free" self-polishing copolymer (SPC) antifouling paints on the larval development of Artemia nauplii. Based on the L(S/V) 50 values the order of toxicity of the antifouling paints was: ANTI F > SHARKSKIN > OCEAN T/F > MICRON. Furthermore, the body size of Artemia nauplii was significantly affected at lethal and above lethal L(S/V) 50 24h values. The body size of 48 h-aged nauplii exposed for the last 24 hours to each of the four SPC antifouling paints was significantly lower than that of the 48 h-aged controls (0.88 ± 0.030 mm). In addition, the body size of 72 h-aged nauplii maintained for the last 24 hours to pure synthetic seawater after exposure for 24 hours to each of the four SPC antifouling paints was significantly lower than that of the 72 h-aged controls (0.96 ± 0.027 mm). Overall, the SPCs examined here were substantially * Corresponding author.
and models have been developed (e.g. ISO 15181), with which one can estimate the release of biocides and the other ingredients from the antifouling paints. The leaching properties of further bioactive compounds in antifouling paints may be influenced by the formulation, and pigment solubility has been earmarked to have a significant influence on the polishing and leaching behaviour of a self-polishing paint [28] . However, only few studies have estimated the toxicity of the product as a whole [19] [27] [29] [30] [31] . The present study is a further contribution to this subject and compares the toxicity of four "tin free" SPC antifouling products as a whole on a non-target organism, the brine shrimp Artemia franciscana, using a new developed coating/leaching technique to test toxicity of antifoulants [31] . Besides mortality, the effects on body growth of the test species have also been determined. The importance of using A. franciscana to evaluate the potential effects of SPCs is twofold. On the one hand, to reinforce its application in subacute biotests for developmental studies, as it has previously been suggested [1] . On the other hand, A. franciscana has a significant commercial value for the local economies, particularly for GSL that is one of its primary habitats. It is estimated that approximately 10 million pounds of brine shrimp eggs are harvested each winter and sold as food for tropical fish. The commercial shrimp industry generates over $10 million annually to the local economy and represents 90% for the world's comercial harvest. Brine shrimp in GSL may be at risk from SPCs, as it has previously been mentioned for the toxicity effects of certain heavy metals [32] .
Experimental Procedures

Antifouling Paints
The four SPC antifouling paints used for the study were Sharkskin, Ocean T/F (Dark 3280), Micron (Extra Navy Blue) and Anti F, and were purchased from the Greek market. These paints are considered to be "tin free", so they are allowed for usage on ships leisure boats and underwater structures in Greece. All four SPC antifouling paints differ in their formulation, ingredients and pigments. Apart from the active biocides, the paints contain binders, solvents and preservatives, which by themselves may also have toxic effects on non-target organisms. The exact chemical composition of these paints is not supplied by the manufacturer and only few data are available ( Table 1) .
Test Organisms
The non-target brine shrimp A. franciscana has been used as test organism. Artemia is a euryhaline crustacean found in salt lakes and salt pans in marine environments and is considered as a popular test animal for acute toxicity testing because of its ease of culture, short generation time, cosmopolitan distribution and the comercial availability of dormant eggs (cysts). Since test animals hatched from cysts are of similar age, genotype and physiological condition, test variability is greatly reduced [33] .
Testing Method
Commercially available dry cysts of A. franciscana were hatched in synthetic seawater (Instant Ocean sea salt). Artemia nauplii of instar II-III stages were used to determine the toxicity of each antifouling paint and its effect on the body size of the organism. An improved method of Castritsi-Catharios et al. [31] was applied in order to obtain different antifouling paints concentrations. The latter were achieved by combining a constant antifouling coated piston surface of syringes filled with different volume of synthetic seawater.
In the present study, 10-mL syringes with 200 mm 2 piston surface were used. The relationship of coated surface (S) to volume of seawater (V) was expressed as S/V units. The lowest S/V unit in this study was 20 mm 2 /mL and the highest 100 mm 2 /mL.
Determination of Toxicity
Instead of the conventional method in which LC 50 values are calculated based on 50% mortality of the test organisms, in this study the S/V concept of Persoone and Castritsi-Catharios [34] was applied with determination of the L(S/V) 50 values. The L(S/V) 50 is the surface (S) to volume (V) ratio which induces 50% mortality of the test organisms. This method inherently incorporates the "surface" aspect of coatings and is therefore more representative and meaningful for studies which aim at evaluating the toxicity of underwater coated surfaces. Specifically, LC(S/V) 50 24h was calculated for each of the four SPC antifouling paints after exposure of 24 h-aged nauplii (Instar II-III) for 24 hours to different S/V units (24 h-treatment), as well as LC(S/V/) 50 48h after subsequent maintenance for additional 24 hours to pure synthetic seawater (48 h-treatment).
Body Size Analysis
Artemia nauplii of 24 h-aged (Instar II-III) were exposed for 24 hours to antifouling solutions with concentrations higher, equal or lower than that of L(S/V) 50
24h
. The animals which survived after this exposure (without exhibiting morphological or mobility problems) were transferred in pure synthetic seawater, where they were maintained for additional 24 hours. Thus, the body length of the 48 h-or 72 h-aged nauplii after the 24 h-or 48 h-treatment, respectively, was measured under a stereoscope (ZEIS 474057) with calibrated oculars. The body length of respective controls was also estimated. It was meaningless to extend the duration of the test since in naulpii aged more than 72 hours the yolk sack is absorbed and, if the animals are not fed, increased mortality is observed [35] .
Statistical Analysis
The L(S/V) 50 for each SPC antifouling paint was calculated by the linear regression equation Y = a + bX, where Y = mortality (%) and X = S/V units (mm 2 /mL). Comparison of regression lines was performed to test for statistically significant differences between the intercepts and/or the slopes (P < 0.05) after the 24 h-or 48 h-treatment. One-way analysis of variance (ANOVA) was carried out on biometry data: 1) among the different S/Vs of the same antifouling paint for 48 h-or 72 h-aged nauplii, 2) among the different antifouling paints at the same S/V for 48 h-or 72 h-aged nauplii and 3) between 48 h-and 72 h-aged nauplii at the same S/V and antifouling paint. Multiple range test (Bonferroni) was applied to determine statistically significant differences (P < 0.05). In addition, the linear regression equation of body size versus S/V was estimated for each of the four antifouling paints. Comparison of regression lines was conducted among the four antifouling paints for the nauplii of the same age, as well as between the 48 h-and 72 h-aged nauplii of the same antifouling paint. Prior to ANOVA or regression analysis, data were assessed for homogeneity of variance (Cochran's and Bartlett's tests) and normal distribution (Kolmogorov). In all the comparisons of regression lines, the Durbin-Watson values were greater than 1.4 indicating that there was probably not any serious autocorrelation in the residuals. R 2 adjusted for degrees of freedom is presented. All analyses were performed using Statgraphics Plus version 4 (Manugistics Group, Inc.).
Results and Discussion
The four SPC antifouling paints indicated different patterns of toxicity after the 24 h- (Figure 1(a) ) or 48 htreatment (Figure 1(b) ) of 24 h-aged Artemia naulpii.
The correlation coefficient (r) for every linear regression equation of each antifouling paint ranged from 0.81 to 0.94 (Tables 2 and 3) indicating a moderately or relatively strong relationship. All the estimated models appeared to be adequate for the observed data, since the P-values of lack-of-fit were greater of 0.10. Based on the L(S/V) 50 values after the 24 h-or 48 h-treatment, the toxicity of the four antifouling paints was in the following order: ANTI F > SHARKSKIN > OCEAN T/F > MICRON (Tables 2 and 3) .
Comparison of regression lines representing mortality (%) versus S/V (mm 2 /mL) of the antifouling paints showed statistically significant differences between the intercepts and in some cases between the slopes as well ( Table 4 ). An exception was observed between the regression lines estimated for ANTI F and SHARSKIN after the 48 h-treatment which had equal intercepts and slopes.
The body size of 48 h-aged nauplii exposed for the last 24 hours to each of the four SPC antifouling paints (24 h-treatment) was significantly lower than that of the 48 h-aged controls (0.88 ± 0.030 mm). Within the range of the S/V units tested for each antifouling paint, the body size was significantly affected only at the L(S/V) 50 24h (OCEAN T/F and MICRON) or above this (SHARKSKIN and ANTI F) ( Table 5) .
At 50 S/V units, the body size of 48 h-aged nauplii exposed to SHARKSKIN, ANTI F or OCEAN T/F was similar, but significantly (P < 0.0001) lower than that of 48 h-aged nauplii exposed to MICRON. No significant differences were found in the body size between the antifouling paints at the lower S/V units tested, while at the ). The body size of 72 h-aged nauplii maintained for the last 24 hours to clean seawater after exposure for 24 hours to each of the four SPC antifouling paints (48 h-treatment) was significantly lower than that of the 72 haged controls (0.96 ± 0.027 mm). In addition, it was significantly higher than that of the 48 h-aged nauplii (24 htreatment) exposed for the last 24 hours to the respective antifouling paint (Table 4) . However, the differentiation in the body size of 72 h-aged nauplii among the four SPC antifouling paints at the same S/V units was similar compared to that of 48 h-aged nauplii. The linear regression models (Figures not shown) .24%) showed a significantly (P < 0.0001) higher intercept, but a similar slope, compared to the aforementioned equations for 48 h-aged nauplii exposed to the respective antifouling paints.
The "tin-free" SPC antifouling products were found to be substantially toxic to the non-target Artemia nauplii. The calculated L(S/V) 50 values and the linear regression models indicated different toxicities and different mode Table 5 . Body size effects (mean ± standard deviation) on 24 h-aged Artemia nauplii after exposure for 24 hours (48 h-aged nauplii) to lethal and sub-lethal concentrations of four commercial "tin free" SPC antifouling paints and subsequent maintenance for additional 24 hours in pure synthetic seawater (72 h-aged nauplii). N = 20 -25 for each case. of actions, respectively, for each of the antifouling product (Tables 2-4, Figure 1) . Moreover, the body growth of Artemia nauplii was significantly inhibited at the (L(S/V) 50 24h or above this ( Table 5 ). The most toxic product appeared to be the ANTI F and the less toxic the MICRON. Considering each paint formulation and composition results pointed out that the different toxicities and mode of actions were mainly attributed to the different ingredients and their amounts included in the antifouling products. Apart from the presence of the copper, the presence of the different booster biocides as well as the other ingredients in the formulated matrices used to control the release of the bioactive compounds appeared to influence paints toxicity.
The toxicity of copper in water is greatly affected by its speciation with the free copper ions considered as the most bioavailable and thus most toxic [36] [37] . Diuron toxicity is temperature and salinity dependant [38] . Diuron toxicity LC 50 24h values for Artemia at salinity 35‰ had been 11.42 to 12.6 mg/L [39] . Joint effects have been demonstrated in acute toxicity tests of binary mixtures of Diuron or Dichofluanid with copper [40] [41] .
The decomposition of antifouling paints release copper in soluble ionic forms. The release of antifouling compounds from a coating surface can be controlled by using either a soluble or insoluble matrix [42] . Controlled dissolution of antifouling compounds is difficult and copper toxicity is under recent inspection [43] . Yebra et al. [44] have investigated the release rates of commercial rosin binders as effective methods to control this dissolution. Solubility of rosin and hence antifouling effectiveness is favoured by alkaline, high salt content and oxidative conditions. The effect of rosin compounds to crustaceans have been considered mild, however a small but statistically significant decrease in size of Daphnia growth at the end of exposure to rosin components has been recorded at concentrations as low as 0.5 mg/L [45] .
Booster biocides have been incorporated in antifouling paints to increase the length and functionality of copper-based antifouling coating systems, since their usage could provide an interim solution in response to the demands for an effective antifouling strategy of TBT replacement [46] . In the formulation of ANTI F booster biocide Diuron is included, while MICRON contains the booster biocide Dichlofluanid. Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea] is a substituted urea-based herbicide employed principally for the control of vegetation in non-crop areas since the 1950s, but it is also used as booster biocide in antifouling paints [2] . It has been reported to be relative persistent in seawater [47] , considerably stable to hydrolysis [48] , and relatively soluble in water [(35 mg/L) (log Kow of 2.8, log Koc of 2.3 -5.2 and a Kd of 8.9)] [14] [49] . Therefore, it has been suggested that Diuron will be predominantly found in the dissolved phase. The occurrence of Diuron as an antifouling agent has been reported in a number of European countries and Japan, but is no longer approved for use in the UK as an active ingredient in antifouling paints on any size of vessel [15] . Biological effects of Diuron in non-target organisms have been demonstrated in the inhibition of hatching of Artemia cysts and molecular binding of the inhibitor to the active site of the hatching enzyme has been proposed [50] . On the other hand, Dichlofluanid (N-dichlorofluoromethylthio-N',N'-dimethyl-N-phenylsulfamide) is a fungicide, much less soluble in water (<2 mg/L) with a high octanol/water partition coefficient (log Kow = 3.7), thus it is thought to rapidly undergo hydrolysis to form N,N-dimethyl-N'-phenylsulphamide (DMSA) [50] with a half-life in seawater of <20 h [14] [51] and it has been found the most strongly bound biocide in sediments compared to Diuron [52] [53]. Diuron exhibited the least preference for sorptive behavior compared to Dichlofluanid [53] . However, no detectable concentrations of Dichlofluanid have been measured in any of the seawater and sediment samples of Greek marinas since it is known its high hydrolytic and degradation rate [54] .
Inhibition of growth has been described for other crustacean species after exposure to copper [55] [56]. Especially, chronic exposure to sub-lethal concentrations of copper has significantly reduced the total length of decapoda Farfantepenaeus paulensis postlarvae [56] . Chronic effects of Diuron have also shown to inhibit the growth (total length) of the amphipod Hyalella azteca and the embryo/larvae of the fathead minnow Pimephales promelas at concentrations above the lowest observed adverse effect levels [57] . Kerster & Schaeffer [58] used Artemia nauplii to establish a "teratogen test" related to effects of metals on length. The test was based on disruption of elongation between 24 and 48 hours after wetting of the cysts when testing several heavy metals. This phenomenon is probably due to the inhibition of molting [59] . Our findings show that the experimental animals continue to exhibit a disturbance of the elongation development, relatively to the controls, in subsequent developmental stages even after maintenance of the test animals to pure synthetic water after their exposure to different S/V units of the four SBCs. According to Diagram 1, a third or a fourth molt may occur during the first or the second 24 h-period, respectively, in the 48 h-treatment of control animals. However, the 72 h-aged naulpii exposed to S/Vs of the four SBCs higher or equal to their respective S/V 50 24h showed a body size similar or lower to that of the 48 h-aged controls. Since the experimental animals were maintained in pure synthetic seawater for the last 24 hours, the disturbance of their elongation was probably due the former 24 h-exposure to the aforementioned S/Vs of the four SBCs resulting to a prolongation of the time period required for the third molting. It would be very interesting to extend the experiments up to the next generation, in order to determine any epigenesis, after short exposure in a toxic solution followed by transfer to pure water for the remaining time period.
Conclusion
The current work provides novel data on biological effects for four "tin free" SPC antifouling paints on Artemia nauplii development. The results suggest that naupliar development can be used as an easily measurable parameter for acute or chronic toxicity tests, even in sublethal concentrations. Our study strengthens the view that the well-established fact for the estimation of the toxicity of antifouling paints tested to the product as a whole is toxicologically important since all ingredients, either biocides or booster biocide, and other agents for controlling leaching rates included in the formulation can influence antifoulants toxicity as they have synergistic effects. Such effects cannot be estimated in single toxicity testing of the biocide agents or of other substances included in the formulation of a "tin free" SPC antifouling product.
